Introduction
============

According to dual-process models of recognition memory, stimuli experienced previously can be recognized either by *recollection* of contextual details of the episode during which the stimuli were initially experienced or by *familiarity* for the stimuli in the absence of retrieval of contextual information ([@bib44]; [@bib83]). One way to assess these processes is to measure subjective reports of an individual\'s memory experience, such as by the "remember-know" procedure ([@bib72]). Participants are instructed to respond "remember" when they recollect details associated with a previously encountered item and "know" when the item seems familiar but no contextual details are recollected. Another approach is to measure these processes objectively, as in a source memory task, in which participants are asked to determine which experimentally manipulated context (e.g. list membership, spatial location, color, size) was associated with an item during its prior exposure. The subjective method is more inclusive in that any detail, including the experimentally manipulated context, may be recollected. Both methods have been used to measure the effects of aging on recollection and familiarity, resulting in the general view that age-related memory loss is primarily restricted to recollection ([@bib70]; [@bib83]). Nonetheless, some studies depart from this view, finding intact subjective ([@bib51]; [@bib45]; [@bib21]) and objective ([@bib5]; [@bib15]) estimates of recollection.

There are several potential explanations for this apparent discrepancy. One possibility may relate to the high degree of interindividual variability in older adults that is evident in both underlying brain structure ([@bib59]; [@bib74]) and cognitive performance ([@bib64]; [@bib5]; [@bib15]; [@bib13]; [@bib21]). The majority of previous aging studies have not examined this variability, leaving open the possibility that different subgroups of older individuals might exhibit different patterns of memory loss. One approach to addressing this issue is to separate older individuals into "high-functioning" and "low-functioning" groups. For example, some high-functioning older adults, as determined by neuropsychological tests or overall recognition memory performance, exhibit intact recollection, whereas low-functioning older adults exhibit impairments ([@bib5]; [@bib15]; [@bib21]).

In addition to the potential contribution of interindividual variability, some evidence suggests that subjective and objective measures of recollection may be dissociable, though few aging studies have compared these measures directly. In a recent study for example, we found that high-functioning older adults, with overall recognition performance equivalent to that of the young, demonstrated intact recollection when measured by "remember" judgments, despite impairments when measured objectively by source judgments for the conceptual context implemented during study ([@bib21]). A similar pattern was observed in an earlier study of healthy older adults, although performance variability was not assessed ([@bib45]). This evidence suggests that some older adults may endorse items as being phenomenologically recollected as often as young adults, despite not being able to retrieve the specific experimentally manipulated context as readily. Importantly, in our previous study, this "intact" performance was reflected in measures of discriminability, suggesting that the older adults did not simply exhibit a greater tendency (bias) to respond "remember." One explanation for these findings is that these older adults base their remember judgments on recollection of information that is not necessarily relevant to the source memory judgment, so-called "noncriterial" information ([@bib84]), which they are able to retrieve at least as effectively as the young.

Finally, although interindividual variability and noncriterial recollection may both contribute to the effects of aging on measures of recollection, it is additionally possible that the subjective and objective tests of recollection that are typically used necessitate somewhat different processing demands. For example, objective tests of source memory may require greater executive demands, such as the initiation of repeated episodic memory searches until the requisite source information is retrieved, compared with typical subjective tests, in which the first of any contextual details retrieved is sufficient to warrant a "remember" judgment. Consequently, the differences in performance on these tests may reflect the differential effects of aging on the brain regions that support these demands. For example, activity in the prefrontal cortex (PFC) measured during memory retrieval has been associated with the cueing and monitoring of episodic information retrieved from medial temporal (MTL) structures ([@bib25]; [@bib68]; [@bib16]) and selection of a subset of retrieved details relevant to one\'s current goal in the face of competition from irrelevant information (reviewed in [@bib3]). Although such executive processes likely contribute to both subjective and objective measures of recollection, it is conceivable that they may be engaged to a greater extent for tests of objective than subjective recollection, as the latter is less restrictive in that it can be subserved by any number of details. Furthermore, there is substantial evidence suggesting that damage to the PFC impairs performance on tests of source memory ([@bib66]; [@bib34]; [@bib38]; [@bib20]; [@bib71]) and, in some cases, may spare performance for subjective measures of recollection ([@bib20]; [@bib9]). Given that the PFC, both structurally and functionally, is believed by some to be disproportionately affected by normal aging---the so-called "frontal-aging hypothesis" ([@bib81]; [@bib58]; [@bib28])---one might predict that tests of objective recollection would be disproportionately affected in older adults relative to tests of subjective recollection.

The current study, schematically depicted in [Figure 1](#fig1){ref-type="fig"}, was designed to address the above issues. We used event-related functional magnetic resonance imaging (fMRI) to separate neural activity associated with cognitive processes contributing to subjective and objective measures of recollection in groups of young adults, high-functioning and low-functioning older adults. During the study phase, pictures of objects were embedded in a specific spatial and temporal context. During the subsequent test phase, participants first made "remember," "familiar," or "new" judgments to intermixed studied and unstudied items. After each such judgment, they made a second judgment about either the spatial or the temporal source of the item (which included a "don\'t know" option, particularly appropriate for previous "new" judgments). We hypothesized that 1) the high-functioning older adult group, who were matched on overall recognition discrimination to the young group, would demonstrate intact performance on the subjective measure and impaired performance on the objective measure, whereas the low-functioning older adult group would demonstrate impairments on both; 2) MTL and medial/lateral parietal activity, which has previously been associated with tests of both subjective and objective recollection ([@bib30]; [@bib76]), would be most affected in the low-functioning older group. This prediction is also consistent with previous findings of reduced MTL memory-related activity, specifically, in low-functioning older adults with reduced recognition performance relative to the young ([@bib13]). Similarly, in a previous event-related potential study, we found that older adults with reduced recognition performance exhibited reduced "parietal old--new effects," which are sensitive to both subjective and objective recollection ([@bib61]) and may be generated by the MTL ([@bib23]) and/or the parietal cortex ([@bib62]). Furthermore, 1 recent study found that older adults with impaired subjective recollection estimates demonstrated reduced recollection-related activity in hippocampal and lateral parietal regions ([@bib12]). Finally, 3) PFC activity associated with the measure of objective recollection would be affected in both high and low-functioning older adults, consistent with the "frontal-aging hypothesis."

![Example stimuli and task requirements during study and test blocks.](cercorbhm243f01_ht){#fig1}

Method
======

Participants
------------

Seventeen young adults between 18 and 30 years of age and 27 older adults between 60 and 70 years of age were recruited from local universities, science fairs and the Medical Research Council Cognition and Brain Sciences Unit volunteer panel. Participants were paid for their time and signed consent forms approved by the Cambridge Local Research Ethics Committee. Participants were right-handed, fluent English speakers with normal or corrected-to-normal vision (using MRI-compatible glasses when necessary). None reported cognitive complaint, a history of psychiatric or neurological disorder (including depression and epilepsy), vascular disease (including diabetes) or psychoactive drug use. None of the participants were taking central nervous system--active medications or antihypertensive medications. All MRI scans were screened by a radiologist for abnormalities (excessive white matter lesions, stroke, hydrocephalus, etc.). Group characteristics are shown in [Table 1](#tbl1){ref-type="table"}. Groups did not differ for years of education or gender (*p* values \> 0.9).

###### 

Group characteristics

  Measure                               Young (*n* = 17)   Old-High (*n* = 13)   Old-Low (*n* = 14)
  ------------------------------------- ------------------ --------------------- --------------------
  Age                                   23.6 (2.8)         62.6 (2.9)            62.7 (2.8)
  Gender                                11/17 female       6/13 female           7/14 female
  Education                             15.2 (1.8)         14.4 (2.5)            14.7 (2.3)
  Corrected recognition (Pr)            0.73 (0.09)        0.68 (0.08)           0.53 (0.05)
  Rey complex figure delayed recall\*   ---                0.54 (1.13)           −0.17 (0.62)
  WCST (errors)                         ---                2.25 (0.16)           2.21 (0.23)
  WMS-R digit span forward              ---                1.78 (0.65)           1.61 (0.71)
  WMS-R digit span backward             ---                1.33 (0.83)           1.51 (1.0)
  WMS-III logical memory immediate      ---                0.62 (0.86)           0.83 (1.13)
  WMS-III logical memory delayed        ---                0.88 (0.73)           0.97 (0.99)
  RMT face recognition\*                ---                0.96 (0.59)           0.29 (0.94)
  Warrington scene recognition          ---                1.05 (0.61)           0.56 (1.38)

Note: Standard deviations in parentheses. All neuropsychological tests are reported as *z*-scores according to the age-adjusted published norms for these tests. \*Significant difference between Old-High and Old-Low at *P* \< 0.05 for 2-tailed *t*-tests.

The older adults were divided into 2 groups based on the Pr measure of recognition discrimination: probability of Hits minus probability of False Alarms (FA), collapsing across "remember" (R) and "familiar" (F) judgments (i.e., (*p*(R, Hits) + *p*(F, Hits)) − (*p*(R, FA) + *p*(F, FA))). Older participants whose Pr scores were within 1 standard deviation of the mean of that of the Young group were classified as high functioning (the "Old-High" group, *n* = 13), whereas older participants that did not meet this criterion were classified as low functioning ("Old-Low" group, *n* = 14). (Note that this procedure does not bias the reaction time (RT) or fMRI results, at least under most standard models, given that these measures reflect the mean of each response category, which is unbiased by group differences in the number of responses in each category \[e.g., R Hits\]. Neither does it necessarily bias the subjective estimates of recollection in these 2 groups. In support of this assertion, there was no significant correlation between overall Pr and Pr(R) in any of the 3 groups \[*r* values \< 0.3, *p* values \> 0.16\]. Although we expect, and find, that Pr(R) \> Pr(F) and Pr(Old-High) \> Pr(Old-Low), this does not necessarily imply that Pr(R, Old-High) \> Pr(R, Old-Low). This is because the Old-High group could have a greater proportion of R relative to F judgments than the Low group, without any group difference in the discriminability (i.e., Pr) associated with those R judgments.) As expected, this manipulation produced an Old-High group that did not differ significantly from the Young on this Pr measure (*P* = 0.2), whereas the Old-Low group performed reliably worse than the other 2 groups (*p* values \< 0.001). These mean corrected recognition scores are shown for each group in [Table 1](#tbl1){ref-type="table"}.

Neuropsychological Testing
--------------------------

In order to screen for cognitive deficits below the age-associated norms, all older participants were administered a battery of standardized neuropsychological tests in a separate testing session within 2 months of the MRI scanning session. Tests sensitive to prodromal cognitive deficits were used to ensure that the older adults in this study, although varying in degree of recollection and familiarity impairments, were not obviously in the early stages of dementia. The battery included tests of working and long-term memory, executive function, and visuospatial ability: Wechsler Memory Scale-Revised (WMS-R) Digit Span Forward and Backward ([@bib79]), Warrington Recognition Memory Test (RMT) face recognition ([@bib77]), a topographical scene recognition memory test ([@bib78]), the Logical Memory test ([@bib79]), the Wisconsin Card Sorting Test ([@bib40]), and the Rey Complex Figure Test ([@bib60]). The primary objective in performing these tests was to rule out the possibility that any older adults included in our sample were affected by Mild Cognitive Impairment, rather than to assess differences between young and older groups. For this reason, we did not obtain neuropsychological test scores for the young participants. Although it remains an open question whether the young would be matched more closely on these tests to the Old-High than to the Old-Low adults, our assumption is that this would be the case, given that the Old-High group exhibited generally higher scores on these tests than the Old-Low group ([Table 1](#tbl1){ref-type="table"}).

Procedure
---------

Stimuli consisted of 384 grayscale line drawings of nameable concrete objects. Objects were taken from the International Picture Naming Project Database ([http://crl.ucsd.edu/∼aszekely/ipnp/](http://crl.ucsd.edu/~aszekely/ipnp/)) and were chosen from the database if they had greater than 70% naming agreement. Objects subtended a maximum vertical and horizontal visual angle of up to 4.16°. A short practice version of the experiment was administered to participants outside of the scanner immediately prior to scanning. Both study and test periods were scanned, but only the data from the test periods are reported here. Participants responded using buttons on a box placed under their right hand.

There were 128 trials in each of 2 study/encoding sessions that were separated by a 5-min magnetization-prepared rapid-acquisition gradient echo (MPRAGE) scan. This separation was to make the study sessions, or "sets," more temporally distinct. Half of the objects were presented above a central fixation cross and half were presented below. Objects were presented in 1 of 16 possible vertical positions along the midline, with 8 above and 8 below fixation, ([Fig. 1](#fig1){ref-type="fig"}), given that piloting showed this was effective in reducing spatial source accuracy performance from ceiling (and producing a close match to temporal source accuracy). In order to encourage incidental encoding of the spatial/temporal context, participants performed a semantic judgment task on each object, responding whether it would, or would not, fit inside a shoebox.

Study was followed by 4 test/retrieval sessions of 64 studied objects (32 from each study set, half of which previously presented above fixation and half previously presented below) plus 32 unstudied items, presented in a pseudorandom order. For blocks of trials within each test session, participants were cued to either perform the spatial or temporal retrieval task ([Fig. 1](#fig1){ref-type="fig"}). The spatial and temporal task blocks consisted of 24 trials each. Instructions for the test phase included a description of the appropriate use of the subjective "remember," "know," and "new" response categories, modeled after previous studies ([@bib26]; [@bib54]), though we replaced the term "know" for the term "familiar" to ease exposition. Objects were all centrally presented above a response cue stating these 3 choices. After a 500-ms fixation screen, a new response cue appeared in place of the previous asking the participants to make objective source decisions. In the spatial blocks, participants decided where the object was presented on the screen during the study phase ("top" or "bottom") and in the temporal blocks, which study set the object was presented in ("set 1" or "set 2"). A third response option of "don\'t know" was offered when the relevant context could not be recollected. For all "new" judgments, participants were instructed to respond "don\'t know" to the second response cue, in order to balance the number of responses across all conditions. For the purposes of the present manuscript, where our main interests were in comparisons between measures of subjective and objective recollection, we collapsed all objective (source) decisions across the spatial and temporal tasks. Although it would be of interest to investigate age-related changes in subjective and objective estimates of recollection for spatial and temporal tasks separately, there were insufficient numbers of trials for each of the groups, particularly the older adult groups, to investigate neural activity associated with subjective and objective recollection for spatial and temporal tasks separately. The Huynh--Feldt correction, reflected in the *p* values, was used in the behavioral analyses, where appropriate. Two-tailed *t*-tests were used for pairwise comparisons of the neuropsychological and behavioral data.

fMRI Acquisition
----------------

Scanning was performed on a 3-T Siemens TIM Trio system. Functional data were acquired using a gradient-echo pulse sequence (32 transverse slices oriented along the anterior--posterior commissural axis, repetition time 2 s, echo time 30 ms, 3 × 3 × 3.5 mm voxels, 0.8 mm interslice gap). Each encoding session (*n* = 2) included 193 volumes and each retrieval session (*n* = 4) included 356 volumes. The first 5 volumes per session were discarded to allow for equilibration effects. A high-resolution *T*~1~-weighted MPRAGE image was collected for anatomical localization.

fMRI Analysis
-------------

Data were analyzed using Statistical parametric mapping (SPM)2. Images were realigned and the resulting mean EPI image was used to estimate normalization parameters to the standard Montreal Neurological Institute echo planar image (MNI EPI) template, which were then applied to all EPI volumes. Normalized images were resliced to 3 × 3 × 3 mm and smoothed with an 8-mm full-width half-maximum isotropic Gaussian kernel. The data were high-pass filtered to a maximum of 1/128 Hz and grand mean scaled to 100.

Statistical analysis was performed in 2 stages. In the first stage, neural activity was modeled by a sequence of delta functions at onset of the various event types and convolved with a canonical hemodynamic response function. The time courses were downsampled to the middle slice to form the covariates for the General Linear Model. Temporal autocorrelations within a session were corrected using an AR(1) model. For each participant and session, 6 covariates representing residual movement-related artifacts, determined by the spatial realignment step, were included in the first level model to capture residual (linear) movement artifacts.

Contrasts of the parameter estimates for each participant were submitted to the second stage of analysis (treating participants as a random effect). Incorrect responses to unstudied items ("false alarms") were not considered further because of insufficient numbers for all participants. A mixed analysis of variance (ANOVA) model was created for the retrieval period that allowed us to examine both within-group effects as well as condition-by-group interactions. The 4 conditions were contrasts of: 1) remember + correct source, 2) remember + incorrect source + don\'t know, 3) familiar, and 4) missed trials, all contrasted against correct rejections (CR) of unstudied items. Correction rejections served as our baseline, and allowed us to confirm basic "old-new" effects (data not shown) as a validation of our data and analysis. For both models, the between-group factor referred to Young, Old-High, and Old-Low groups. A weighted least squares estimation procedure was used to correct for inhomogeneity of covariance across within-group conditions and inhomogeneity of variance across groups. All main effects of condition (across groups) and group-by-condition interaction SPMs were evaluated under an uncorrected alpha level of 0.001 and a minimum cluster size of 5 contiguous voxels. The SPM for the main effect of condition was masked exclusively with the SPM for the group-by-condition interaction, using a liberal uncorrected threshold of *P* \< 0.05 for the mask in order to restrict effects to those "common" (i.e., similar size) across groups. (Note that a liberal threshold for an exclusive mask is more conservative in excluding regions from the masked SPM.) All T-contrasts were 1-tailed. Simple effect SPMs (for within-group comparisons) were similarly evaluated under an uncorrected threshold of *P* \< 0.001 and a minimum cluster size of 5. Maxima of significant clusters were localized on individual normalized structural images.

Results
=======

Neuropsychological Test Results
-------------------------------

Group characteristics and standardized *Z*-scores for neuropsychological tests, according to the published age-adjusted norms, are shown for the older groups in [Table 1](#tbl1){ref-type="table"}. As can be seen in the table, both groups were within (and numerically above) the age-adjusted norms for all tests, further supporting our assertion that the older adults were not obviously clinically impaired. Although the Old-High group tended to exhibit numerically better performance for most of the tests than the Old-Low group, performance on the complex figure recall and face recognition were the only tests that significantly differed between groups \[*t*(25) values \> 2.0, *p* values \< 0.05\].

Behavioral Results
------------------

The mean proportions of "remember" (R), "familiar" (F), and "new" responses made to studied (i.e., misses \[M\]) and unstudied items (i.e., CR) and corresponding RTs are shown for all 3 groups in [Table 2](#tbl2){ref-type="table"}. Although the Old-High group gave numerically, though not statistically (*t* values \< 1.6, *p* values \> 0.11), more R responses to studied items than either the Young or Old-Low groups, their R responses to unstudied items were also elevated, relative to the Young adults \[*t*(28) = 3.2, *P* = 0.003\]. In an attempt to accommodate this apparent bias, the accuracy of R judgments was estimated by the Pr measure of discriminability, that is, subtracting the probability of FA from the probability of hits. The corrected estimates of subjective recollection, (*p*(R, Hit) − *p*(R, FA)), are shown for all groups in [Figure 2](#fig2){ref-type="fig"}*A*. The estimate of subjective recollection was lower in the Old-Low group than in each of the Young and Old-High groups (*t* values \> 2.0, *p* values \< 0.05), with no reliable difference between the latter 2 groups \[*t*(28) = 1.1, *P* = 0.27\]. Thus, the greater estimate of subjective recollection in the Old-High than Old-Low group does not appear to reflect simply a greater propensity to give R judgments in the Old-High group.

###### 

\(A\) Proportions of studied and unstudied items given remember, familiar or new judgments and (B) proportions of remember judgments associated with correct, incorrect, or "don\'t know" judgments about objective source

  Judgment                            Young             Old-High     Old-Low                                          
  ----------------------------------- ----------------- ------------ ----------------- ------------ ----------------- ------------
  \(A\)                                                                                                               
      Studied items                                                                                                   
          Remember (R)                0.54 (0.21)       1435 (281)   0.66 (0.17)       1490 (264)   0.52 (0.25)       1721 (303)
          Familiar (F)                0.32 (0.19)       1755 (358)   0.20 (0.18)       2104 (315)   0.31 (0.22)       2042 (343)
          New (M)                     0.14 (0.08)       1599 (365)   0.14 (0.08)       1906 (271)   0.17 (0.11)       1966 (345)
      Unstudied items                                                                                                 
          Remember (FA)               0.02 (0.02)       1611 (397)   0.07 (0.06)       1733 (492)   0.08 (0.09)       1914 (378)
          Familiar (FA)               0.11 (0.07)       1858 (360)   0.11 (0.10)       2112 (251)   0.23 (0.13)       2146 (395)
          New (CR)                    0.87 (0.08)       1370 (258)   0.82 (0.09)       1651 (245)   0.69 (0.12)       1763 (343)
  \(B\)                                                                                                               
      Remember + correct source       0.56 (0.10)       1404 (280)   0.40 (0.15)       1476 (262)   0.48 (0.10)       1703 (309)
                                      *0.30* (*0.12)*                *0.26* (*0.11)*                *0.25* (*0.10)*   
      Remember + incorrect source     0.27 (0.07)       1452 (270)   0.32 (0.13)       1451 (281)   0.42 (0.08)       1738 (325)
                                      *0.15* (*0.06)*                *0.21* (*0.10)*                *0.22* (*0.09)*   
      Remember + don\'t know source   0.17 (0.13)       1554 (329)   0.28 (0.24)       1501 (202)   0.10 (0.12)       1675 (322)
                                      *0.09* (*0.09)*                *0.19* (*0.16)*                *0.05* (*0.09)*   

Note: RTs for each such condition also shown. SD in parentheses. Nonitalicized values in (B) represent proportions calculated out of the total number of R responses to studied items, whereas italicized values represent proportions calculated out of the total number of studied items.

![Behavioral results for each group. (*A*) Subjective recollection estimates and (*B*) Objective recollection estimates for Young, Old-High, and Old-Low groups. Error bars depict the standard error of the mean across participants.](cercorbhm243f02_ht){#fig2}

The proportion of correct, incorrect and "don\'t know" source judgments for R responses are shown in [Table 2](#tbl2){ref-type="table"}. As seen in the table, the proportion of remember responses associated with "don\'t know" source judgments was greater in the Old-High than the Old-Low group \[*t*(25) = 2.4, *P* = 0.02\], with no reliable differences between the Young and either of the 2 older groups (*t* values \< 1.4, *p* values \> 0.12). This suggests a potential difference in response bias between the older adult groups. In order to investigate this hypothesis directly, we calculated Br estimates of bias for objective decisions for R responses, calculated as R + incorrect source/(1 − ((R + correct source) -- (R + incorrect source)) ([@bib69]), for each group, producing Br estimates of 0.38 in the young, 0.35 in the Old-High and 0.44 in the Old-Low group. Although the Old-Low adults exhibited a more liberal bias than either the Young or Old-High groups \[*t* values \> 2.3, *p* values \< 0.025\], there was no difference between the latter 2 groups \[*t* \< 1\]. Thus, a more conservative bias for the source decision following "remember" judgments may account for the elevated proportion of "don\'t know" responses in the Old-High relative to the Old-Low group.

For the analysis of objective source recollection, data were collapsed across spatial and temporal source tasks (as noted above). We also performed analyses for subjective and objective measures of recollection for the spatial and temporal retrieval tasks separately. The group differences reported for these measures did not differ from those presented here when collapsed across the retrieval task. As with the above analysis of R and F judgments, accuracy was measured by Pr, in order to allow for potential group differences in the propensity to guess the source, where Pr = *p*(Correct) − *p*(Incorrect), that is, excluding "don\'t knows." Given that many participants did not attempt source attributions after giving F judgments, as would be expected, the Pr measure was restricted to R judgments. These estimates are shown in [Figure 2](#fig2){ref-type="fig"}*B*. Pairwise group comparisons showed that, whereas the estimate of objective recollection was higher in the Young than older groups (*t* values \> 4.3, *p* values \< 0.001), there was no reliable difference between the older groups \[*t*(25) \< 1\].

These results support the predicted discrepancy between estimates of subjective and objective recollection in the Old-High group. In support of this, an ANOVA employing factors of Recollection (Subjective, Objective) and Group (Young, Old-High) yielded a significant interaction (*F*~1,28~ = 7.1, *P* = 0.012) but no main effect of Group (*F*~1,28~ = 1.2, *P* = 0.27), whereas the opposite pattern was observed for the ANOVA comparing the Young and the Old-Low groups (interaction: \[*F*~1,29~ \< 1\], Group: \[*F*~1,29~ = 7.7, *P* = 0.01\]). Thus, although the estimate of objective but not subjective recollection was impaired in the Old-High group, both estimates were impaired in the Old-Low group.

An ANOVA employing factors of Response (R + correct source, R + incorrect + don\'t know source, F hits, M, CR) and Group (Young, Old-High, Old-Low) for the RTs shown in [Table 2](#tbl2){ref-type="table"} yielded main effects of Response (*F*~4,164~ = 32.2, *P* \< 0.00001) and Group (*F*~2,51~ = 7.7, *p* \< 0.001). As shown in the table, the main effect of Group indicates that both groups of older participants were slower to respond to test items than young adults, with no significant difference between the older groups (*F*~1,25~ = 2.2, *P* = 0.15). Pairwise comparisons confirmed that RTs were longer for F than all other judgments (*t* values \> 3.3, *p* values \< 0.02) and for M than CR judgments (*t* values \> 4.6, *p* values \< 0.001) for all groups, with no significant differences between the other response categories (*t* values \< 1.7, *p* values \> 0.11).

fMRI Results
------------

### Contrasts

To identify regions associated with subjective recollection, we used the contrast between R and F hits (collapsed across objective decisions). In order to identify regions related to objective recollection, we examined the contrast between R items associated with correct source judgments (R + source) and R items associated with incorrect source or "don\'t know" judgments (R − source). In all cases, neural activity was examined that was 1) common to and 2) different between the groups, where common activity was defined using exclusive masking with the interaction (see Methods).

### Effects Common to Groups

#### Subjective recollection.

Activity associated with subjective recollection was found in several regions, including the posterior hippocampus, retrosplenial cortex and posterior cingulate, which are shown in [Figure 3](#fig3){ref-type="fig"}. As can be seen in the plots, these regions exhibited greater activity for R than F items. Although F items appeared to show less activity than CR (corresponding to the zero level in the plots) in the posterior hippocampus, a pattern which might be taken to reflect familiarity, simple effects (within group) analyses determined that this difference was not reliable in any group. Other notable regions, listed in [Table 3](#tbl3){ref-type="table"}, included the anterior PFC (Broadmann\'s area \[BA\] 10) and the right angular gyrus (BA 39). No regions demonstrated greater activity for F than R items.

###### 

Regions showing effects common to both young and older age groups

  Contrast                           Region                          L/R   MNI coordinates (*x*, *y*, *z*)   BA      *T* score   Cluster size
  ---------------------------------- ------------------------------- ----- --------------------------------- ------- ----------- --------------
  Subjective recollection (R \> F)   Posterior hippocampus           L     −30, −30, −3                      20      3.70        33
                                     Retrosplenial cortex            R     12, −60, 21                       23/30   3.64        13
                                     Posterior cingulate             R     3, −39, 39                        23      3.57        15
                                     Angular gyrus                   R     45, −69, 27                       39      4.68        36
                                     Superior medial frontal gyrus   R     15, 51, 9                         10      3.76        15
                                     Superior frontal gyrus          L     −24, 57, 9                        10      3.60        11
                                     Middle orbital frontal gyrus    R     6, 45, −9                         11      3.30        6
                                     Middle frontal gyrus            L     −30, 15, 42                       46      3.89        11
                                     Cuneus                          R     9, −84, 24                        18      3.95        35
                                     Inferior temporal gyrus         R     39, −51, −6                       37      3.62        8
                                     Postcentral gyrus               L     −21, −30, 60                      4       3.81        26
                                                                     L     −48, −15, 51                      4       3.72        14
                                     Postcentral gyrus               R     36, −30, 57                       3       3.66        16
                                     Precentral gyrus                R     24, −30, 63                       3       3.60        12
                                     Thalamus                        R     30, −12, −6                       48      3.75        22
                                     Cerebellum                      B     3, −66, −24                               5.08        721

Note: L = Left; R = Right; B = Bilateral; F = studied items judged "familiar"; R = studied items judged "remember."

![Memory effects exhibiting common activity across groups, shown in selected regions, displayed on the MNI reference brain. Plots depict size of activation for each of the trial types versus baseline (CR trials) for each group. Error bars depict standard error of the mean across participants, for each group. Y = Young, OH = Old-High, and OL = Old-Low groups.](cercorbhm243f03_4c){#fig3}

#### Objective recollection.

Somewhat surprisingly, no regions demonstrated reliable effects of objective recollection common to all 3 groups.

### Differences between Groups

#### Subjective recollection.

The comparison of subjective recollection between groups yielded significant differences between Young and Old-Low, and between Old-High and Old-Low groups, as shown in [Table 4](#tbl4){ref-type="table"}. As shown in [Figure 4](#fig4){ref-type="fig"}*A*, activity in the left inferior parietal cortex was greater for R than F items in the Young and the Old-High groups, with no reliable effect in the Old-Low group. Interestingly, although activity in this region seemed to be specific to recollection in the Young and Old-High groups (i.e., R \> F = CR), both R and F items, exhibited greater activity than CR items (corresponding to the zero level in the plots) in the Old-Low group (i.e., R = F \> CR). In the left retrosplenial cortex, homologous to the right-lateralized region implicated in subjective recollection for all groups, activity was greater for R than F responses in the Young and Old-High groups, with a somewhat opposite pattern in the Old-Low group, though within-group analyses showed that the difference between R and F trials was reliable in the Young and Old-High groups only. There were no significant differences between the Young and Old-High groups.

###### 

Regions showing significant differences between groups for subjective and objective recollection

  Group                                               Region                                     L/R   MNI coordinates (*x*, *y*, *z*)   BA      *T* score   Cluster size
  --------------------------------------------------- ------------------------------------------ ----- --------------------------------- ------- ----------- --------------
  Subjective recollection (R \> F)                                                                                                                           
      [Young \> Old-Low]{.ul}                         Inferior parietal lobule                   L     −39, −72, 39                      39      3.78        27
                                                      Retrosplenial cortex                       L     −12, −60, 27                      23      3.15        16
      Old-High \> Old-Low                             Inferior parietal lobule                   L     −39, −72, 39                      39      3.18        15
                                                      Posterior cingulate/Retrosplenial cortex   L     −9, −45, 24                       23/26   3.41        8
                                                                                                 R     12, −42, 27                       26      3.40        6
                                                      Middle occipital gyrus                     L     −15, −93, 15                      18      3.54        6
                                                      Superior occipital gyrus                   R     24, −87, 18                       18      3.71        11
                                                      Inferior occipital gyrus                   R     36, −81, 0                        19      3.57        11
  Objective recollection (R + source \> R − source)                                                                                                          
      [Young \> Old-Low]{.ul}                         Inferior frontal gyrus                     R     39, 12, 18                        48      4.25        15
      Old-High \> Young                               Middle frontal gyrus                       R     45, 27, 45                        9       4.27        15
                                                                                                 L     −39, 21, 39                       46      3.58        6
                                                      Superior frontal gyrus                     L     −9, 12, 51                        8       4.23        24
                                                                                                 R     15, 9, 57                         8       3.69        6
                                                      Gyrus rectus (ventromedial PFC)            R     3, 21, −9                         11      3.10        12
                                                      Inferior temporal gyrus                    L     −51, −24, −18                     20      3.99        13
                                                      Angular gyrus                              L     42, −45, 30                       40      3.92        9
                                                      Rolandic operculum                         R     39, −21, 27                       48      3.90        19
      Old-High \> Old-Low                             Gyrus rectus (ventromedial PFC)            R     15, 21, −12                       11      3.81        24
                                                      Inferior temporal gyrus                    L     −60, −15, −18                     20      3.73        19
                                                      Supplementary motor                        L     −9, 18, 69                        6       4.08        19
                                                      Rolandic operculum                         R     39, −15, 24                       48      3.92        10

Note: L = Left; R = Right; F = studied items judged "familiar"; R = studied items judged "remember."

![Memory effects exhibiting group differences for (A) subjective recollection and (B) objective recollection. Group differences are shown in selected regions, displayed on the MNI reference brain. Plots depict size of activation for each of the trial types versus baseline (CR trials) for each group. Error bars and abbreviations as in [Figure 3](#fig3){ref-type="fig"}.](cercorbhm243f04_4c){#fig4}

#### Objective recollection.

Regions showing significant group differences for objective recollection are listed in [Table 4](#tbl4){ref-type="table"}. Notable among these are right lateral frontal regions showing differences between the Young and each older group ([Fig. 4](#fig4){ref-type="fig"}*B*). Activity in the right inferior frontal gyrus was greater for R + source than R − source items in the Young, whereas the opposite pattern was observed in the Old-Low group (i.e., R − source \> R + source). A similar "cross-over" effect was observed in bilateral middle frontal gyri between Young and Old-High groups, although in the opposite direction (i.e., R + source \> R − source in the Old-High and R − source \> R + source in the Young). Within-group analyses determined that each of these frontal effects was reliable for each of the respective groups. Finally, only the Old-High group exhibited activity associated with objective recollection in the ventromedial frontal and inferior temporal cortices. As can be seen in the figure (for the ventromedial PFC), activity was greater for R + source than R − source items in the Old-High group only.

Given the "over-recruitment" of the ventromedial (gyrus rectus) and inferior temporal regions in the high-functioning older adults and lack of recruitment of these regions in the young adults, we wanted to determine whether a more direct relationship existed between performance on the objective recollection test and the size of the objective recollection effect in these regions, consistent with theories of functional compensation in older adults ([@bib53]). For the peak voxel coordinates from these 2 regions (listed in [Table 4](#tbl4){ref-type="table"}), activity in the ventromedial region was positively correlated with objective recollection performance in the Old-High group (*r* = 0.522, *P* = 0.03), as shown in [Figure 5](#fig5){ref-type="fig"}, but not in either of the other 2 groups (*p* values\> 0.9). This same correlation with the inferior temporal region was not significant for any group (*p* values \> 0.3).

![Correlation between objective recollection activity in the ventromedial PFC and objective recollection performance in the Old-High group.](cercorbhm243f05_4c){#fig5}

Discussion
==========

In the present experiment, we examined the effects of aging on the neural correlates of subjective and objective measures of recollection in older adults with relatively high or low overall recognition memory performance. The results yielded several interesting findings regarding the relationship between performance variability in healthy aging, different measures of recollection and brain regions supporting the performance on these tests. In relation to our 3 predictions, we replicated our previous findings ([@bib21]) that high-functioning older adults can show intact performance, relative to the young, on tests of subjective but not objective recollection, whereas low-functioning older adults are impaired according to both measures. Secondly, we found activations in medial and lateral parietal cortex that have previously been associated with recollection, but which were reduced or absent in the Old-Low group. Finally, we found differences between age groups in the PFC in association with estimates of objective recollection, generally consistent with the frontal-aging hypothesis. These results and their implications are discussed in more detail below.

Dissociations between Measures of Subjective and Objective Recollection
-----------------------------------------------------------------------

Consistent with our previous study ([@bib21]), we found that high-functioning older adults demonstrated intact performance on a measure of subjective recollection, but impaired performance on a measure of objective recollection compared with young adults. One potential reason for this dissociation was that these older adults recollected as much contextual information as did the young but this information was not necessarily relevant to the source memory judgment (i.e., "noncriterial recollection"). Indeed, this may be 1 potential explanation, in addition to a more conservative response bias for source decisions, for the elevated number of "don\'t know" responses subsequent to "remember" judgments in the high-functioning relative to the low-functioning older adults, and to a lesser extent relative to the young. High-functioning older adults may have been more likely to encode and subsequently retrieve internally generated contextual associations than the low-functioning older adults. Some support for this hypothesis comes from findings suggesting that older adults may attend more to their own thoughts and feelings than do young adults when making memory judgments ([@bib35]). Though not criterial, such associations would have been sufficient to endorse items as being subjectively recollected according to the Remember/Know procedure.

In addition to the contribution of noncriterial recollection to intact subjective estimates in the Old-High, we hypothesized that dissociable brain regions may support measures of subjective and objective recollection and that older adults may exhibit deficits in these measures according to the degree of underlying impairment in these corresponding regions. The imaging results were largely consistent with this hypothesis.

Activity in the posterior hippocampus, retrosplenial, and posterior parietal cortex contributed to measures of subjective recollection in each group. Similar areas have been associated with recollection in several previous imaging studies, measured subjectively ([@bib32]; [@bib24]; [@bib82]; [@bib85]; [@bib11]; [@bib37]) but also objectively ([@bib8]; [@bib14]; [@bib56]). One possible reason for the lack of association of these areas to estimates of objective recollection in the present study is that this contrast was collapsed across the spatial and temporal retrieval tasks, potentially obscuring the contribution of these regions to objective recollection. However, this was not supported by separate analyses of temporal versus spatial source in the Young group. More specifically, given the known role of the MTL in spatial processing, we hypothesized that objective recollection effects may have been present in this area particularly for the spatial retrieval task. Our present contrast for objective recollection, which was collapsed across spatial and temporal source retrieval tasks, may have obscured any such effects. Thus, we examined neural activity associated with objective recollection separately for the spatial and temporal tasks. This analysis was restricted to the young participants, as the reduced objective recollection performance in the older adults resulted in too few R + source trials to obtain reliable estimates of activity in the majority of the participants. Whole brain analysis revealed minimal differences in objective recollection effects between the spatial and temporal conditions. Moreover, region of interest analyses of both hippocampal and parahippocampal regions (using masks defined by Automatic Anatomical Labeling of the MNI brain), failed to show significant objective recollection effects for either spatial or temporal conditions (all corrected *p* values \> 0.3). Another possibility reflects the fact that the items involved in the contrast used to estimate activity specific to objective recollection processes were all associated with "remember" judgments (i.e., R + source vs. R − source). Thus, the recollection of information not specifically relevant to the objective decision may have swamped any activity specific to the retrieval of spatial and/or temporal details. A related possibility is that the hippocampus and potentially other regions (e.g., retrosplenial cortex) are particularly sensitive to the retrieval of conceptual details of a previously encountered event (i.e., internal source rather than external source). Support for this idea comes from imaging studies revealing equivalent hippocampal contributions to the retrieval of veridical and illusory memories, which are more likely to contain overlapping conceptual than perceptual associations ([@bib7]). Conceptual associations, such as internally generated thoughts and feelings, would have been more likely to support tests of subjective than objective recollection in the current study.

In contrast to the MTL, bilateral dorsal frontal cortex contributed disproportionately to measures of objective recollection during retrieval. This is consistent with previous imaging ([@bib49]; [@bib55]; [@bib57]; [@bib8]; [@bib17]; [@bib46]) and human lesion studies ([@bib34]; [@bib38]; [@bib20]; [@bib71]) that implicate lateral frontal regions in source memory processing. Activity in the PFC during source memory retrieval presumably reflects the engagement of executive control processes, such as the inhibition of irrelevant or intrusive information and the monitoring and repeated evaluation of information retrieved from MTL structures in the service of making a decision ([@bib25]; [@bib68]; [@bib16]). It is conceivable that such processes may have disproportionately contributed to the measure of objective recollection in the current study, which required the retrieval of highly specific spatial or temporal information, in comparison with the measure of subjective recollection, which could have been supported by any number of contextual associations.

Subjective Recollection Impairments in Low-Functioning Older Adults
-------------------------------------------------------------------

Consistent with our prediction, low-functioning older adults exhibited impaired subjective estimates of recollection. The reduced subjective estimates in this group are consistent with numerous previous studies demonstrating similar impairments in older adults ([@bib83]; [@bib4]; [@bib12]; [@bib33]; [@bib52]), although performance variability was not examined in these studies. Our results suggest that the subjective recollection impairments in these previous studies may have been driven by low-functioning older adults.

The current imaging results demonstrated reduced subjective recollection effects in inferior parietal and retrosplenial regions in low-functioning older adults relative to the other 2 groups. This is consistent with our prediction that reductions in medial and lateral parietal activity contribute to subjective recollection impairments in older adults. Interestingly, although activity within the left inferior parietal lobule was specific to recollection in the Young and Old-High groups, activity in this region distinguished all recognized items (remember and familiar) from those that were not recognized (i.e., misses and CR) in the Old-Low group. The lack of specificity in this region for recollection in the low-functioning older adults is generally consistent with the dedifferentiation hypothesis, suggesting a breakdown in the functional specialization evident in young and, in this case, high-functioning older adults ([@bib41]).

Although some evidence from human lesion studies supports a necessary role for the retrosplenial cortex in recollection (e.g. [@bib73]), there is little such evidence for the posterior parietal cortex ([@bib67]). However, neuroanatomical evidence from nonhuman primates ([@bib10]; [@bib39]) and functional connectivity studies in humans ([@bib75]) suggest that the medial and lateral parietal regions identified here are highly connected with the MTL, including the hippocampus. Although we did not observe any direct MTL activity changes in the Old-Low group, these previous findings suggest that reductions within an MTL--parietal network may underlie subjective recollection deficits in older adults, when they are observed. This is supported by recent imaging findings showing impaired estimates of recollection in conjunction with reduced recollection-related activity in hippocampal, medial, and lateral parietal cortex in older adults relative to the young ([@bib12]).

Objective Recollection Impairments in Older Adults
--------------------------------------------------

Consistent with numerous previous findings of age-associated source memory impairments (e.g. [@bib70]; [@bib45]; [@bib47]; [@bib18]; [@bib80]), both high and low-functioning older adults exhibited impaired estimates of objective recollection relative to the young. This is in contrast to some previous evidence suggesting that high-functioning older adults can exhibit intact performance on tests of objective recollection ([@bib5]; [@bib15]). There are a few possible explanations that may account for this discrepancy. For example, 1 possibility is that older adults\' performance on tests of objective recollection may be differentially impaired depending on the nature of the contextual associations to be retrieved. Perhaps the spatial and temporal contexts implemented here were more sensitive to age-associated impairment than, for example, the modality discrimination (auditory or visual) used by Cabeza et al. One further consideration is that the stimulus sets used here were larger than in the studies by Cabeza et al., and Davidson and Glisky. It is conceivable that source memory performance may be preserved in older adults for relatively small stimulus sets, as some previous evidence suggests ([@bib50]). One final possibility is that the high-functioning older adults in the current study are not equivalent, and somewhat impaired, relative to the high-functioning older adults in these previous studies. Although it is difficult to rule out this possibility entirely, it is worth noting that neuropsychological test performance in the Old-High group, and to a lesser extent in the Old-Low group, indicated that they scored above the age-adjusted levels for most of the tests, similarly to the older adults in these previous studies.

Consistent with our prediction that frontal activity changes might contribute to objective recollection deficits in older adults, objective recollection effects in right lateral PFC were affected in both high and low-performers, with left lateral regions additionally affected in the Old-High adults during retrieval. This is consistent with 2 recent studies, which showed that source retrieval success effects were affected by aging in bilateral PFC ([@bib22]; [@bib48]). Generally, these data offer support for the "frontal hypothesis of aging" and the finding that right lateral frontal regions were affected in both groups of older adults is somewhat consistent with the "right-hemi aging" hypothesis, which states that the right hemisphere shows greater age-associated functional decline than the left hemisphere ([@bib53]). Indeed, it seems likely that processes that have been attributed disproportionately to the right lateral PFC, such as sustained attention, inhibition of irrelevant information ([@bib2]) and postretrieval monitoring ([@bib31]; [@bib63]), may directly support the successful recovery of source information and that age-associated changes in these processes may contribute to performance deficits.

What is somewhat unclear is the nature of many of the age-related differences in the objective recollection contrast, with seemingly opposite patterns of activity for correct and incorrect source retrieval across Young and Old-Low groups in the right inferior PFC, and across Young and Old-High groups in the right dorsal PFC. In 2 previous studies, the majority of age-related differences in source memory effects were observed as enhanced activity for new relative to successful source trials in the young, with the opposite pattern of activity in the old ([@bib22]; [@bib48]). Although it has yet to be determined whether these different patterns of recollection effects reflect different cognitive processes, either beneficial or detrimental to performance, the fact that they were observed in lateral frontal regions is consistent with the idea that executive functions mediated by the PFC contribute to source memory performance and are affected by aging ([@bib36]).

We note that the high-functioning older group demonstrated enhanced activity in the ventromedial PFC (VMPFC), relative to the other 2 groups, in association with estimates of objective recollection. Some previous neuroimaging studies have identified increased memory-related activity in older adults in regions not seemingly recruited by young adults (e.g. [@bib6]; [@bib43]; [@bib27]). One theory postulates that this enhanced recruitment reflects functional compensation for less efficiently recruited memory supportive brain regions, in the service of better memory performance ([@bib19]; [@bib53]). Alternatively, this over-recruitment may represent a breakdown in functional specialization, resulting in impaired cognition ([@bib42]). Although it is conceivable that compensatory over-recruitment might be evident in older adults with impaired memory performance (i.e., "insufficient compensation"), our results demonstrating that activity in the VMPFC was positively correlated with estimates of objective recollection exclusively in the high-functioning older adults offer support for the compensation hypothesis.

Previous imaging studies have implicated the ventromedial PFC in the processing of information related to the self, such as mentalizing about one\'s own internal thoughts and feelings ([@bib1]) and patients with damage to this area can exhibit impairments in "metamemory" or making accurate judgments about their memory performance ([@bib65]). One interesting possibility is that high-functioning older adults were able to recruit these VMPFC-mediated processes as a compensatory strategy (albeit not sufficiently) for deficits in other inefficiently recruited lateral frontal regions, whereas the low-functioning older were not. Although further study is necessary, activity in this region may reflect the retrieval of internally generated information when making objective decisions about externally derived details ([@bib29]), in the service of better source memory performance in high-functioning older adults. This hypothesis is consistent with evidence suggesting that older adults report more internally generated thoughts and feelings than externally derived perceptual details when making memory judgments about previously encountered events ([@bib35]). As we suggested earlier, the old-high adults may have recruited similar processes in order to encode and/or report upon noncriterial recollection.

Conclusion
==========

In conclusion, results from the present data emphasize the importance of examining performance variability and different behavioral measures when investigating the effects of aging on recollection. Although high-functioning older adults exhibit intact recollection, when measured subjectively, both high and low-functioning older adults exhibit impairments in objective estimates of recollection. The imaging data support our proposal that the typically used subjective and objective tests of recollection necessitate somewhat dissociable cognitive processes and that age-associated deficits may be observed in accordance with the degree of underlying changes in the regions that support these processes. We propose that subjective recollection impairments may be observed in older adults in conjunction with altered neural activity with an MTL--parietal network, as with the low-functioning participants here, whereas objective recollection impairments may be more pervasive in aging, in part, due to altered executive control processes within the PFC, consistent with the frontal-aging hypothesis.
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